Chromatin on the inactive X chromosome (Xi) of female mammals is enriched for the histone variant macroH2A that can be detected at interphase as a distinct nuclear structure referred to as a macro chromatin body (MCB). Green fluorescent proteintagged and Myc epitope-tagged macroH2A readily form an MCB in the nuclei of transfected female, but not male, cells. Using targeted disruptions, we have identified two macrochromatin domains within macroH2A that are independently capable of MCB formation and association with the Xi. Complete removal of the non-histone C-terminal tail does not reduce the efficiency of association of the variant histone domain of macroH2A with the Xi, indicating that the histone portion alone can target the Xi. The non-histone domain by itself is incapable of MCB formation. However, when directed to the nucleosome by fusion to core histone H2A or H2B, the nonhistone tail forms an MCB that appears identical to that of the endogenous protein. Mutagenesis of the non-histone portion of macroH2A localized the region required for MCB formation and targeting to the Xi to an ∼190 amino acid region.
INTRODUCTION
The levels of X-linked gene expression between male and female mammals are normalized by rendering all but one X chromosome largely transcriptionally silent in female cells (1) . X chromosome inactivation occurs early in development and the choice of which chromosome to inactivate is random (2) . The inactive X chromosome (Xi) is heterochromatic and can be observed as a staining mass (Barr body) at the periphery of interphase nuclei (3) . Several general features of gene silencing characterize the Xi, including DNA hypermethylation (4, 5) , histone H3 and H4 hypoacetylation (6) (7) (8) and late replication in S phase (9, 10) .
In addition, chromatin of the Xi demonstrates a number of unique features that distinguish it from other regions of heterochromatin. One such feature is the colocalization with the Xi of a large untranslated RNA, the X inactive specific transcript (XIST) (11) (12) (13) . XIST is expressed exclusively from the Xi and associates in cis along the length of the chromosome. Another characteristic of the Xi is its distinct nucleosome composition. Four variants of the core histone H2A have a differential distribution in chromatin of the Xi. Two variants, macroH2A1 and macroH2A2, are enriched on the Xi (14) (15) (16) , while the variants H2A-Bbd, and to a lesser extent H2A.Z, are deficient on the Xi (15, 17) .
MacroH2A1 and macroH2A2 are unusual histone H2A variants that have an extensive C-terminal tail that comprises nearly two-thirds of the protein. Originally identified through its association with the nucleosome (18), macroH2A is highly localized in female cells as a distinct nuclear body, referred to as a macro chromatin body (MCB), which is coincident with the Xi and the Barr body (14) . Two distinct macroH2A genes encode the macroH2A1 and macroH2A2 proteins which are 80% identical and are both enriched on the Xi chromatin (15, 16) . In undifferentiated embryonic stem cells, macroH2A is sequestered at the centrosome (19) and is relocated to the Xi after the counting and choice of which X chromosome to inactivate has been made (19, 20) . This implies that macroH2A is not directly involved in the early stages of X inactivation. Despite a physical association with XIST RNA (21) , a role for macroH2A in the maintenance of X inactivation appears redundant, as deletion of XIST after inactivation results in loss of macroH2A association with the Xi, yet gene silencing is apparently not affected (22) . This may reflect generally the highly redundant nature of X inactivation, as removal of a single silencing feature does not lead to reactivation of gene expression from the Xi (4, (22) (23) (24) (25) (26) (27) . Therefore, while the precise role of macroH2A in the X inactivation process is unclear, macroH2A is a key component of Xi chromatin and may be a critical player in imprinted X inactivation of pre-implantation embryos (28) .
Expression of a green fluorescent protein (GFP)-tagged macroH2A1 or macroH2A2 in cells in culture demonstrates an MCB that is indistinguishable from the endogenous proteins (15, 17, 29) . In this manuscript we describe an assay for MCB formation and the disruption of macroH2A to identify functional domains of macroH2A that are critical for the formation of an MCB and its targeting to the Xi.
MATERIALS AND METHODS

Mammalian expression constructs
GFP-tagged and Myc epitope-tagged versions of human macroH2A1, macroH2A2, H2B and H2A were generated as described previously (15) . Full-length human cDNA clones of HP1-α (IMAGE 627533) and HMG14 (IMAGE 645015) were obtained from Research Genetics. The complete coding sequence from each clone was PCR-amplified with primers incorporating restriction enzyme recognition sites and subcloned into pcDNA3.1-CT-GFP (Invitrogen) using standard techniques (30) . To ensure sequence integrity, subclones were sequenced with a fluorescence labeled dyeterminator cycle sequencing kit according to the manufacturer's instructions (PRISM Ready DyeDeoxy Terminator Premix from Applied Biosystems Inc.) and electrophoresed on an ABI 373 (Perkin-Elmer). Chimeric constructs of H2A-macroH2A1, H2B-macroH2A1, H2B-macroH2A2, HP1-α-macroH2A1 and HMG14-macroH2A1 were generated by PCR amplification of the regions described ( Fig. 1 ) with primers incorporating restriction enzyme recognition sites, and subcloned into pcDNA3.1-CT-GFP. Myc-tagged cDNAs were generated by transfer of inserts from GFP-tagged constructs into pcDNA-3.1-CT-Myc/His (Invitrogen). An SV40 nuclear localization sequence (NLS)-tagged macroH2A1 tail was generated using a PKKKRKV AgeI-KpnI adapter (top strand 5′-CCG GGG CCC AAG AAG AAG CGG AAG GTA C-3′, bottom strand 5′-CTT CCG CTT CTT CTT GGG CC-3′) and subcloned into the AgeI-KpnI sites between the GFP and macroH2A1 tail.
Mutagenesis
Fusion proteins of macroH2A1 and macroH2A2 were generated by PCR amplification with primers incorporating restriction enzyme recognition sites and subcloned into pcDNA3.1-CT-GFP. Constructs were sequenced to ensure sequence integrity as described above.
Transposon mutagenesis was achieved in vitro using the EZ::TN TM <NotI/KAN-3> transposon (Epicentre Technologies). The non-histone region of macroH2A1 (amino acids 119-371) was subcloned into pGEM-Zf(+) (Promega) and used as target DNA for mutagenesis. Transposon insertion was carried out according to the manufacturers' instructions using 80 ng of transposon and 200 ng of macroH2A1-pGEM. The site of insertion and maintenance of the open reading frame was confirmed by DNA sequencing as described above. The macroH2A1 tails of 35 clones containing independent 57 bp insertion sites were subcloned with histone H2B into pcDNA3.1-CT-GFP (Invitrogen).
Site-directed deletions of the macroH2A1 non-histone domain were generated using the ExSite TM PCR-based site directed mutagenesis kit (Stratagene). Primers were designed in accordance with the manufacturers' recommendations, and mutagenesis was performed using 1.5 µg of H2B-mH2A1.2-CT-GFP as above. The site of deletion and maintenance of the open reading frame was confirmed by DNA sequencing as described above.
Site-directed mutants of the histone domain of macroH2A1 were generated using the QuickChange TM site-directed mutagenesis kit (Stratagene). Primers were designed in accordance with the manufacturers' recommendations. Target DNA for mutagenesis was the macroH2A1 histone domain (amino acids 1-123) subcloned into pBluescript-sk(-) (Stratagene). Mutagenesis was performed using 25 ng of target DNA and site changes were confirmed by DNA sequencing. Mutated clones were then subcloned into pcDNA3.1-CT-GFP for expression analysis.
Cell culture and transfection
Cell lines used included GM04626 and GM00254, both 47,XXX primary fibroblast strains (National Institute of General Medical Sciences Cell Repository, Camden, NJ); hTERT-RPE1, a 46,XX telomerase-immortalized cell line derived from a retinal pigment epithelial cell line RPE-340 (31) (Clontech Laboratories, Inc. No. C4000-1); and hTERT-BJ1, a 46,XY telomerase-immortalized cell line derived from a primary foreskin fibroblast cell line (31) (Clontech Laboratories, Inc. No. C4001-1).
GM04626 and GM00254 were maintained as described previously (15, 16) . hTERT-RPE1 and hTERT-BJ1 were maintained according to manufacturer's recommendations (Clontech).
Transfections were performed as described (15, 17) . Cells were processed 96 h post-transfection. 
Immunofluorescence and fluorescence in situ hybridization (FISH)
Immunolocalization, detection of GFP-tagged proteins and FISH using X-specific probes were carried out essentially as described previously (15, 17) .
RESULTS
To identify regions of macroH2A1 and macroH2A2 required for MCB formation, both proteins were separated into the variant histone and non-histone tail domains and fused to GFP (Fig. 1 ). Female 46,XX cells were transfected with macroH2A1-GFP histone and macroH2A2-GFP histone and assessed for the ability to form MCBs. By themselves, the histone domains of macroH2A1 and macroH2A2 were each capable of forming a single MCB in the nucleus at a frequency comparable to the full-length GFP-tagged proteins ( Fig. 1 ). To confirm that the MCB was associated with an X chromosome, Myc epitope-tagged constructs of both histones were generated, and their distribution in relation to the X chromosomes was determined by FISH. Figure 2b ' clearly shows association of the macroH2A1-Myc histone with an X chromosome. The macroH2A1-Myc histone MCB is indistinguishable from an MCB generated using a full-length macroH2A1-Myc construct ( Fig. 2a' and a"). As predicted by the 'n -1' rule of X inactivation (1,2), the number of inactive X chromosomes, and consequently the number of MCBs in a nucleus, is one less than the total number of X chromosomes. The full-length macroH2A1-GFP transfected into 47,XXX cells forms two MCBs in each nucleus (Fig. 2a") , as demonstrated previously (15) . Both macroH2A-Myc histone constructs also formed two MCBs in 47,XXX cells ( Fig. 2b" and c"), confirming association with the Xi. Conversely, no MCBs were observed when the same constructs were transfected into 46,XY cells ( Fig. 2b  and c) .
In an attempt to identify the region of the histone domain of macroH2A that targets the histone to the Xi, we generated a number of mutants and assessed MCB formation. Figure 3 summarizes analysis of the histone domain of macroH2A. The N-terminal tail of core H2A contains two lysine residues that are the site of acetylation (32) . Only one of these sites is conserved in the macroH2A histones. Additionally, the N-terminal histone portion of macroH2A1 and macroH2A2 contains three conserved lysine residues that may present macroH2A-specific target sites of covalent modification. Truncated histones have been shown previously to be transferred efficiently to daughter DNA strands during DNA replication (33) , indicating that the removal of the N-terminal tail of macroH2A histone is unlikely to prevent deposition into nucleosomes. Therefore, to assess the role of the tail in MCB formation, a deletion of the tail was generated, extending to the first globular domain of core histone H2A (34) that removed all possible sites of covalent modification, and fused to GFP at the N-terminus. The construct was capable of forming MCBs in 46,XX cells at a frequency indistinguishable from that observed for the complete variant histone alone. A similar deletion was made at the C-terminus, removing several unique macroH2A residues and removing the conserved site of ubiquitination (32) . As with the N-terminal deletion, removal of a portion of the C-terminal tail did not lower the frequency of MCB formation in 46,XX cells.
Together, these data indicate that the information required for directing macroH2A histones to the Xi is contained within the central globular region of the histone domain. The globular region of the macroH2A histone has 19 amino acid residues that are conserved between macroH2A1 and macroH2A2, but that differ from core histone H2A. Each such residue highlighted in Figure 3 was converted to the corresponding H2A residue. No single amino acid substitution was capable of preventing MCB formation, and the MCB frequency was unaffected (88-99% for site-directed mutants compared to 88-95% for the parental construct). Although this was only tested in the context of macroH2A1, we anticipate that the histone domain of macroH2A2 would not behave differently. To reflect the ability of the globular region of the variant histone to form an MCB, we have termed this a macrochromatin domain (MCD). To test if the non-histone tail of macroH2A1 also contained an MCD, an N-terminal GFP-tagged tail construct was generated ( Fig. 1) and transfected into 46,XX cells. The GFP-tagged tail was distributed throughout the nucleus and cytoplasm (data not shown). This indicates that the non-histone tail depends upon the histone domain for complete nuclear localization. As the formation of an MCB presumably requires macroH2A to be nuclear, the SV40 T-antigen NLS (35) was inserted at the N-terminus of the tail (Fig. 1) . While the NLS-tagged tail localized to the nucleus in 46,XX cells, no obvious MCBs were observed (data not shown), suggesting that nuclear localization by itself is not sufficient to target the non-histone tail to the Xi.
To test if the tail could form an MCB when directed to chromatin generally, the tail was fused to the C-terminus of two chromatin-associated proteins: human heterochromatin protein HP1-α (36) and the high mobility group protein HMG-14 (37) (Fig. 1) . Both HP1-α-macroH2A1-GFP and HMG-14-macroH2A1-GFP were nuclear and had a distribution indistinguishable from wild-type HP1-α-GFP or HMG-14-GFP (data not shown). Lastly, to test if the non-histone tail could form an MCB when redirected to the nucleosome, the macroH2A1 variant histone domain was substituted with core histone H2A (Fig. 1) . Core histone H2A by itself does not form an MCB and has a uniform distribution throughout the nucleus (15) . However, the H2A-macroH2A1 construct did form an MCB in 46,XX cells (Fig. 2d') . This indicates that, in addition to the MCD of the macroH2A variant histone, the non-histone tail of macroH2A1 contains an independent MCD that requires nucleosomal association for formation. The MCB formed by the core H2A-macroH2A1 fusion associated with an X chromosome (Fig. 2d') and conformed to the n -1 rule in 47,XXX cells ( Fig. 2d and d") .
To further investigate the nucleosome-dependent MCB forming ability of the macroH2A1 tail, the histone domain of macroH2A1 was replaced with core histone H2B (Fig. 1) . Core H2B, like core H2A, does not form an MCB and is distributed throughout the nucleus (17) . Surprisingly, H2B-macroH2A1 formed an MCB in 46,XX cells that was associated with an X chromosome (Fig. 2e') and conformed to the n -1 rule (Fig. 2e  and e" ). This suggests that MCB formation is not dependent upon the position of the non-histone tail in relation to the nucleosome core, as core H2A and core H2B are located in different positions in the nucleosome (34) .
The non-histone domains of macroH2A1 and macroH2A2 are not as well conserved (60% identity) as the variant histone domains (84%) (15) . To investigate whether the tail of macroH2A2 contains a MCD, a core histone H2B-replacement of macroH2A2 was generated and transfected into 46,XX cells. As with macroH2A1, H2B-macroH2A2 formed a single MCB in female cells, but the frequency of MCB formation was considerably lower than for H2B-macroH2A1 (Fig. 1) . This indicates that differences in amino acid composition of the tail may influence its ability to target to the Xi and/or to form an MCB. The most diverged region between the non-histone domain of macroH2A1 and macroH2A2 is between amino acids 120 and 175 at 35% identity, while the remainder of the non-histone domains, amino acid 176-372, share 68% amino acid identity (15) . To determine if this region influences MCB formation, the corresponding regions of both proteins were substituted for each other (Fig. 1) . The non-histone domain of macroH2A2 containing amino acids 120-175 of macroH2A1 formed MCBs in 46,XX cells at a frequency comparable to the full macroH2A1 non-histone domain (Fig. 1) . Conversely, the non-histone domain of macroH2A1 containing amino acids 120-175 of macroH2A2 formed MCBs in 46,XX cells at a frequency comparable to the full macroH2A2 non-histone domain (Fig. 1) . This indicates that the amino acid differences between residues 120-175 of the two proteins significantly affect the efficiency of the non-histone MCD.
The high frequency of MCB formation of H2B-macroH2A1-GFP provides a system to identify the tail MCD by targeted mutagenesis, in an assay that is independent of any influence of the macroH2A-histone MCD. A number of C-terminal (42) . The α-helices of the histone fold domain (I-III) are indicated by the double-headed arrows (43) . The positions of the N-terminal histone deletion (∆N) and the C-terminal histone deletion (∆C) are indicated. The region underlined by the dashed line at the C-terminus (amino acids 80-115 of macroH2A1 and macroH2A2) defines the docking domain of histone H2A-H2A interaction in the nucleosome, while the red bar at the N-terminus represents the histone fold extension (αN) (34) . Amino acid residues of macroH2A1 replaced by the corresponding core H2A.1 residues are highlighted in color. Blue indicates residues shared between macroH2A1 and macroH2A2 that differ from core H2A.1 but are present in other H2A variants. Green indicates residues shared between macroH2A1 and macroH2A2 that differ from core H2A.1 but are also different in some H2A variants. Red indicates residues specific to macroH2A1 and macroH2A2.
truncations of the tail were made and transfected into 46,XX cells. No MCBs were observed for any of the constructs, the smallest of which removed 30 amino acids from the C-terminus, indicating that at least the very C-terminal portion of the tail is necessary for MCB formation.
Two complementary approaches were adopted to generate internal disruptions of the tail. The first involved the insertion of 19 amino acids into the tail by in vitro transposon mutagenesis. A total of 35 different in-frame insertions were made and tested for the ability to form an MCB. Figure 4A shows the position of each insertion and the efficiency of MCB formation when each construct was transfected into 46,XX cells. Insertions into positions 130-184, which includes the basic domain, did not affect the ability to form an MCB (Fig. 4B) . However, with the exception of an insertion at amino acid 344 and one at amino acid 366, all insertions between amino acid 185 and the C-terminus seriously impaired or removed MCB forming ability.
The second approach involved systematic removal of small adjacent sections along the length of the non-histone tail, fused to core histone H2B. Figure 4C To distinguish the two separate regions of macroH2A that are essential for targeting the protein to the Xi, we have called the globular variant histone Xi-targeting region MCD1 and the non-histone Xi-targeting region MCD2, as indicated in Figure  4D . The failure of some constructs to form an MCB might not be due to the disruption of an Xi targeting signal, but could simply reflect the inability of those constructs to substitute core H2A and integrate into nucleosomes.
DISCUSSION
The enrichment of macroH2A in chromatin of the Xi results in the formation of an MCB in the nucleus. Despite evidence of a physical association of macroH2A with XIST RNA (21), colocalization with XIST (19, 20) and macroH2A dependence upon XIST for localization with the Xi (22), nothing is known about the regions of macroH2A that are important for targeting to the Xi.
The variant histone domains of macroH2A1 and macroH2A2 alone are capable of forming an MCB in 46,XX cells at a frequency comparable to the full-length protein (Fig. 1) , but core histones H2A or H2B do not form MCBs in 46,XX cell lines (15, 17) . This contrasts with the observations by Perche et al. (29) which suggest that the nucleosome density of the inactive X chromosome is higher, as core H2A, H2B and H3 were also found to be enriched at the Barr body at a level comparable to macroH2A. While the inactive X chromosome may well have a higher nucleosome density at interphase, macroH2A is clearly enriched on the inactive X chromosome at metaphase (14, 20) , suggesting that nucleosome density alone cannot account for the enrichment of macroH2A on chromatin of the inactive X chromosome. We do not find core H2A or H2B to be enriched on the inactive X chromosome under the conditions described in the cell lines we have tested, while macroH2A1 and macroH2A2 consistently demonstrate enrichment on the inactive X chromosome at interphase (15, 17) .
The macroH2A histone domain MCB looks identical to one formed by the full-length protein (Fig. 2a') , is associated with an X chromosome (Fig. 2b' and c' ) and conforms to the n -1 rule (Fig. 2b, b", c and c") . Therefore, the variant histone portion of macroH2A alone contains information sufficient for direction of the Xi to chromatin. MCD1 is limited to the core globular domain of the histone, as indicated in Figure 4D , and as a consequence is independent of any covalent modification of the histone tails. No single amino acid substitution at any of the 19 amino acids that differ between the globular domain of macroH2A and core H2A was sufficient to remove the capability to form an MCB. Therefore, it is likely that a combination of substitutions are required to change the structural conformation sufficiently so that the variant histone domain of macroH2A is no longer recognized during chromatin assembly as macroH2A, and consequently not targeted to the Xi.
By itself, the non-histone domain of macroH2A1 was incapable of MCB formation and distributed throughout the cell (Fig. 1) . Therefore, nuclear localization of endogenous macroH2A is a function of the histone domain, probably mediated by importin β1 as demonstrated for core H2A and the variant H2A.Z (38) . Indeed, MCB formation only occurred when the non-histone tail was targeted directly to the nucleosome by replacing the macroH2A histone domain with a core histone (Fig. 1) . Therefore, like the macroH2A histone portion, the non-histone tail also contains an MCD (MCD2). Surprisingly, replacement of the histone domain of macroH2A with core histone H2B was as effective at H2A in directing MCB formation (Fig. 1) . This indicates that, although MCB formation is dependent upon nucleosome association, the position of the tail in relation to the nucleosome is not critical, as histone H2B is located at a different position from H2A in the nucleosome (34) . Replacement of the macroH2A2 histone domain with core histone H2B also formed an MCB, but the frequency was significantly lower than that observed for macroH2A1-H2B (Fig. 1) . The tail domains of macroH2A1 and macroH2A2 are the least conserved portions of the proteins, sharing only 60% amino acid identity (15) . Within the nonhistone domains of macroH2A1 and macroH2A2, amino acids 120-175 are only 35% identical. When this region was substituted from one protein with the same interval of the other protein, the efficiency of MCB formation followed that of the protein from where amino acids 120-175 originated. Therefore, the amino acid differences between the two proteins within this interval are responsible for the differences in MCB efficiency. Although amino acids 120-175 of macroH2A2 significantly reduce MCB formation when the variant histone domain is substituted with histone H2B (Fig. 1) , this interval does not influence MCD1 in the wild-type protein and hence the full-length macroH2A2 forms MCBs at a level comparable to macroH2A1 (15) .
To delimit the MCD within the tail, we made targeted disruptions to the macroH2A1-H2B chimera as this construct has a higher ability to form an MCB, and changes in the frequency of MCB formation would be more obvious. The results of insertional mutagenesis (Fig. 4B ) and deletion mutagenesis (Fig. 4C) are almost completely complementary. Both indicate that the basic domain of macroH2A1 is not required for MCB formation, while the remaining portion of the tail is critical (Fig. 4D ), but as outlined above, this region of the nonhistone domain does influence the efficiency of MCD2. The location of macroH2A in the nucleus is coincident with XIST RNA (19, 20) and is physically associated, either directly or in combination with additional factors, to XIST (21) . Deletion of or insertion into the basic domain shifts the relative position of the remainder of the tail in relation to the nucleosome, yet MCB formation is not affected. This suggests that if MCD2 is forming an MCB through its ability to interact with the XIST complex, then the tail must be fairly flexible. Not only can it interact when the basic domain is removed or disrupted, but the interaction can also occur when fused to histone H2B and consequently presented to the complex at a different angle from the nucleosome. Two insertions made towards the C-terminal end of the tail domain did not prevent MCB formation, but only served to reduce the frequency of MCBs (Fig. 4A  and B) . These same intervals, when deleted, removed the ability to form an MCB (Fig. 4C) . This suggests that the amino acids in this interval are essential for the MCD, and that alteration of the spatial relationship of the residues reduces the frequency of MCB formation, probably through reduced efficiency of interaction with components of the XIST complex.
We have found that MCB frequency in 46,XX transfected cells steadily increases until ∼96 h post-transfection, whereupon the number of MCBs reaches a maximum and remains constant (data not shown). This time dependence probably reflects that macroH2A-GFP constructs are competing with endogenous macroH2A for integration into the nucleosome and that at least one round of DNA replication is required for deposition of macroH2A-GFP nucleosomes into Xi chromatin. During DNA replication, newly synthesized chromatin of the daughter DNA is formed through the random segregation of parental nucleosomes onto one daughter strand, and the assembly of a new nucleosome on the other daughter strand (39) . Histone H2A is deposited onto newly synthesized (H3-H4) 2 cores along with H2B through association with a number of chaperone proteins (40) . The recent solving of the structure of a nucleosome core particle containing the histone H2A variant H2A.Z suggests that the H2A content of a nucleosome is homogenous for one type of H2A. Differences in the docking domains would prevent two different H2A molecules stably interacting within the nucleosome (41) . The docking domains of macroH2A1 and macroH2A2 are almost identical (Fig. 3) . Therefore, the two proteins are unlikely to prevent each other occupying the same nucleosome, and as a consequence nucleosomes containing combinations of the two proteins are likely (i.e. macroH2A1 with macroH2A1, or 1 with 2 or 2 with 2).
How subtle differences in the histone domain of macroH2A are recognized by chaperone proteins, such that macroH2A is directed to the Xi, is intriguing and is a critical question to address within the context of X inactivation. It is conceivable that a chaperone protein specific for macroH2A-H2B heterodimers exists that is responsible for depositing macroH2A onto newly synthesized nucleosomes on daughter strands of the Xi. Alternatively, the deposition of macroH2A may be restricted to late-replicating chromatin, and therefore targeting is a consequence of the late replication of the Xi (9, 10) . Understanding the inheritance of the Xi chromatin state by the daughter strands remains a key question that can then be directed to how this state is established early in development.
